Introduction
Highly conductive and optically transparent films made by dispersing indium tin oxide (ITO) onto a substrate have been used for many years in electronic applications ranging from flat panel displays to photovoltaic cells [1] . Owing to continuing increase in demand as well as possible instabilities in supply in the near future, the price of indium remains high. Consequently, research into its replacement by alternative, lower cost materials continues apace.
As a ceramic coating, the intrinsic brittleness of ITO represents a fundamental limitation on its use in flexible electronics. On the other hand, self-standing carbon nanotube (CNT) films are not generally practical. They are intrinsically a very 'black' material with low optical transmission and reflectivity. In order to meet the requirements for transparency such films must be made very thin. Because of the high conductivity and aspect ratio of the CNTs, these films can be made with sufficient conductivity, but when produced at the required thickness they become fragile and tend to break or collapse into a ribbon when handled. The solution is to place the film over a transparent polymer. Most attempts to make CNT/polymer films rely on two-stage processes; first the production of the CNTs and then their dispersal in some manner to form a suspension, which is subsequently deposited upon a substrate to form a thin transparent film [2] [3] [4] . Popular methods for this deposition include inkjet printing [5] and air spraying [6] ; recently a draw-down rod coating method has been reported [7] with impressive conductivity. Direct synthesis procedures reported to date have required the nanotube film to be peeled off a quartz substrate [8] , a factor that would limit the transparency of the films produced (as the films will need a certain amount of thickness to provide mechanical integrity) and has questionable scalability. It would be advantageous to be able to produce functional transparent nanotube films in a single step, allowing greater control over tube alignment in the film, faster production and easy scalability. Here we report a continuous process based on chemical vapour deposition that produces transparent, conductive nanotube films in such a step. 
Description of the process
The CNT films are produced by the continuous spinning of an aerogel directly from the reaction zone of a chemical vapour deposition furnace, as shown in figure 1 [9] . The process is run by injecting a liquid feedstock mixture into the hot zone of a vertical furnace, typically consisting of ethanol, ferrocene (2 wt%) and thiophene (0.3%). Hydrogen is generally used as a carrier gas. There is a set of process conditions at which CNTs grow at a sufficiently high rate and concentration that they form an aerogel with mechanical integrity; this aerogel is drawn out of the furnace, allowing for continuous spinning. Typically, the process is run at 1300
• C, and films are spun at 10 to 20 m min −1 , as desired. The flexible CNT films are then collected by laying the aerogel, which collapses from a cylindrical shape into a flat film, onto the surface of a commercial transparent polymer tape (Scotch R Crystal Clear Tape, a polyester-based polymer with an average thickness of 50 µm). For convenience, the polymer tapes chosen contain a thin layer of glue to ensure maximum adhesion. If necessary, this adhesive layer can be partially or totally removed using an organic solvent.
Effect of process parameters on the deposited film
The transparent conductive films were prepared over a range of process conditions as listed in table 1. From our previous work [9] [10] [11] [12] [13] , the general trend observed in this process is that an increase in temperature causes a change in the type of CNT grown, from single to multi-walled, as well as an exponential increase in the amount of carbon deposited. It has been previously shown that for temperatures above 1100
• C, the aerogel is composed of a mixture of single-and double-walled CNTs. The type of CNTs grown is also strongly affected by the size and concentration of the iron catalyst particles as well as the composition of the gas atmosphere. The control of the process involves multi-parameter space, and significant further study of the interaction of these parameters is required for full optimization of the process for high conductivity and high transparency. The conversion efficiency of hydrocarbon to carbon (CNTs plus particles which are not incorporated into the film) increases with increase in reactor temperature, but can also be adjusted with the H 2 flow-rate. However, from table 1, it is interesting to note that the mass per unit time of the deposited film does not vary significantly with these parameters, indicating that any increase in carbon formation is accounted for by particles, which are carried off with the exhaust gas flow. This thickness of the deposited layer is controlled by the wind up speed of the flexible substrate. In addition, the wind up speed controls the degree of longitudinal stretching of the deposited layer and thus its anisotropy as already explored for fibres [10] . The hydrogen flow-rate is also a key factor in determining the diameter of the aerogel 'sock' that collapses into a CNT film (figure 2(a)) 5 . Therefore, at a given temperature and catalyst concentration, it is the 5 Due to the obvious difficulties of performing measurements inside a furnace at 1300 • C, these are visual observations that were carried out as follows: first metal rings of known diameters were placed inside the furnace tube (internal diameter 70 mm). Then, the diameter of the sock was adjusted by the H 2 flow-rate to get as close as possible to the metal ring, but still fit through. Then it was re-adjusted to get as close as possible to the outside of the ring. The average between these values was taken as the result. combination of the H 2 flow-rate and the wind-up speed that will define the width, internal alignment and linear density of the deposited CNT films. Although the diameter of the aerogel, and thus the width of the CNT coatings, can be controlled by the hydrogen flow-rate, the width of the deposited film is currently limited by the diameter of the reactor outlet, which is 30 mm. In a typical set of conditions, coatings spun at 1300
• C and a speed of 20 m min generally collapsed, forming a structure similar to a stack of graphene layers [12, 14] . A deposited layer of 0.05 tex was seen to be composed of about 10 layers of bundles, ranging from 20 to 40 nm in diameter, giving a thickness of 300 ± 100 nm. These measurements give an average density of the film of 0.0065 g cm −3 (areal density/thickness) and this is not expected to change significantly with tex, at least not compared with the rather considerable uncertainty associated with the thickness estimation.
Atomic force microscopy (AFM) was also applied to measure film thickness. Figure 3(b) shows an AFM image of an edge of a deposited layer of 0.068 tex. The collapse of the sock onto the polymer, while having a reasonably uniform thickness across its width, shows an increase in thickness within 1-2 µm of its edges as is apparent from the thickness plot. This edge effect does not detract from the fact that AFM while resolving the CNT bundles can also provide a good estimate of thickness of these exceptionally low density films. The average thickness of the film measured from several different parts of the deposited layer was 460 ± 250 nm-slightly in excess of the projected value of ∼400 nm for this linear density but well within the observed variation. There are two reasons for this large variation. The major one is relatively poor stacking of the nanotubes-as seen in figure 3(b) there are 'holes' in the film several CNT layers deep, as well as areas where several CNTs stack closely on top of one another. This differential stacking may account for a variation of up to five CNT layers or ∼40 nm; however, it is likely to be underestimated by AFM measurements because, due to the finite tip radius, the scanning probe will be unable to penetrate to the bottom of the smaller 'holes' in the film. (Similarly, the diameter of CNTs is exaggerated in AFM images as the measured signal is the tube width convolved with the tip). The second cause of variation is in the process itself. Occasional entanglements in the aerogel as it is wound onto the substrate will cause the density to vary, as the entangled region decreases the elasticity of the aerogel-meaning fewer CNTs will be deposited immediately before the entangled region, reducing the film thickness until the entangled region is reached (which will be substantially thicker).
Transparency and electrical conductivity
The transparency of the films was measured using an Aquila nkd-7000 spectrophotometer. Reflectance and transmission levels were measured for wavelengths of light between 300 and 1100 nm; numerical analysis in this section has used the results at 550 nm, in the middle of the visible spectrum. The measurements of freestanding CNT films (prior to deposition on the polymer tape) show a monotonic decrease in transparency with increasing linear density, as expected (figure 4). However, owing to the fragility of such thin free-standing films, which tend to collapse into fibres or tear when handled, it is difficult to measure a sufficiently large number to provide conclusive evidence of its being either linear or logarithmic, although the latter fits the available data slightly better.
Examination of a series of transparent polymer tape-backed films (produced under conditions which would be expected to give a linear density of 0.05 tex) suggests that the variation within films is currently of the order of ±4% average transparency along a 1 m long section of film. The overall transparency of these polymer-backed films at 550 nm is 65%; given the 84% transparency of the polymer being used, this gives an average transparency for the film of 77%. All transparency values given in this paper refer to the backing-corrected number unless otherwise stated. It is also speculated that, given the films were primarily composed of aligned conductive material (carbon nanotubes), they might have had a polarizing effect. Experiments show that their transparency to plane-polarized light is only slightly affected by rotation (figure 4), especially for the more transparent films, which are likely to be the ones with wider applicability; being relatively minor, the polarizing effect is probably not exploitable.
The resistance of polymer-backed films was measured both parallel and perpendicular to the direction of the tube alignment (due to the previously discussed fragility of freestanding films they have only been measured parallel to the direction of the CNTs). The results show a logarithmic relationship between conductivity and transparency (figure 5), similar to those reported for undoped films produced by the other continuous methods [7] . At higher transparencies the sheet resistance rises rapidly for only a small increase in optical transmission, probably as the CNT layer is not thick enough to achieve satisfactory electrical percolation.
The electrical properties of the films were found to be very sensitive to the contacting procedure used. Two approaches were tried: masking a central region of a film and sputter coating gold contacts across the ends, and laying conductive electro-foil tape from Laird Technologies (which has a conductive adhesive) across the top of the film and adding a thin strip of silver paint to the edge. Both freestanding films (cast onto microscope slides for this purpose) and polymer-tape backed ones were measured using sputtering, but the former were too fragile to be reliably contacted using conductive tapes. With sputter contacts, the sheet resistance of the films was measured at 570 sq −1 at 65% transparency and 990 sq −1 at 83% transparency. However, using tape contacts the resistance measured is between three to four times lower-an average of 293 sq −1 at 80% transparency and 143 sq −1 at 66% transparency. Voltage sweeps of each type of sample show a consistent resistance to within ±1 (figure 6), and approximately ohmic behaviour in case of the tape contacts, but a large intercept for the sputtered samples. Additionally, sputtering onto a film previously contacted using the tape method causes a three-to-fourfold drop in conductivity, returning Figure 6 . Ohmic current-voltage behaviour of nanotube films with both contact types; note large intercept for sputter contacts suggesting a potential barrier that must be overcome prior to current flow. the resistance to the higher range of values. Given these behaviours, it seems likely that the sputtering process is causing some damage to the film, creating an additional barrier to transport, of apparent height ∼75 mV at room temperature. We considered two possible causes of this damage-exposure to low vacuum, and damage due to bombardment from the sputtering medium (gold in our case). To test for the first we exposed polymer-backed film samples to a low vacuum at 298 K in a MTI DZF-6050 vacuum oven. We maintained the sample in vacuum for 1 h (much longer than in the sputtering process), and re-measured the sample resistance upon returning to atmosphere. As we measured only a 1% change in resistance, we conclude that exposure to vacuum cannot be the cause of the increased resistance. It is difficult to provide direct evidence of damage to the CNTs as a result of sputtering, although a voltage sweep of a sample (originally contacted using tapes) before and after sputtering shows ohmic behaviour before sputtering and rectifying subsequent to it, which would be consistent with a small 'barrier' formed by damaged CNTs at the edge of the mask. Conversely, sputter coating a length of tape and then using it to form a contact with our films produces a low resistance and an ohmic contact, so we are convinced that the area affected by sputtering is the interface between the CNTs and the tape as opposed to the interface between the tape and the wires connecting the sample to the measuring apparatus. Figure 7 compares the performance of our combined CNT synthesis and deposition process with reported data from two-stage CNT deposition processes. Our data (since the higher values from sputter contacts seem to be caused by damage to the films, we have used the lower resistance results in the comparison) show similar results to many of the two-stage processes. We are encouraged by this as at this stage the CNT synthesis process has not yet been optimized for the combination of optical transparency and electrical conductivity, nor have any post-processing treatments been Conductance against transparency for different nanotube films. Our own results (solid circles for free-standing, squares for polymer-backed) are compared against the results of Budhadipta et al [7] (upright triangles), Geng et al [6] (inverted triangles), Zhou et al [5] (diamonds), Ma et al [8] (left-pointing triangles), Kaempgen et al [15] (stars), Green and Hersam [16] (right-pointing triangles) and Yu et al [17] (empty circles).
developed. Since the films as-made are subject to the process yield being below 100% it ought to be relatively easy to improve transparency through purification methods. It is also promising that the polymer-backed films can be flexed, bent and even stored on a roll for a period of several weeks without compromising the electrical conductivity. Likewise, cutting the film with scissors in order to prepare samples for electrical measurements did not seem to damage the film adjacent to the cut. If increased durability were desired, it would probably be possible to form a CNT sandwich, with polymer substrate both above and below the conductive CNT layer. Applications of moderate compressive forces to the CNT film did not materially affect the resistance, so we believe that this manufacturing process would not heavily damage the film.
In assessing the efficiency of our film in providing a transparent, conducting layer, one can take as benchmarks the electrical conductivity of the same density of graphene sheets. Since the electrical conductivity of a graphene layer deposited on a substrate at room temperature is dominated by scattering induced by phonons from the substrate [18] , speculating as to the resistivity of a graphene layer under our conditions is a futile exercise, so we shall instead use the resistance of a bulk graphite crystal in the basal plane [19] , 9.9 × 10 5 −1 m −1 . Graphene sheets have an optical absorption of 2.3% per layer [20] . Hence for 2 mg m −2 (2.67 layers by density) of deposited graphite layers perfectly basally oriented, we might expect ∼94% transmission and a surface resistance (assuming a film thickness of ∼1 nm, roughly equivalent to three times the interlayer spacing in graphite [19] ) of 1.01 k sq −1 . The fact that the conductivity of the deposited CNT layers does not fall far short of that predicted for several graphene layers of the same areal density is encouraging, as is the fact that the measured transparency for this thickness is 80% for the CNT layer compared with ∼94% for the hypothetical graphene layers. The comparison does in fact imply that electron transport amongst the CNTs is quite efficient. In order to check this suggestion, the micro-scale behaviour was assessed using tunnelling atomic force microscopy (extended TUNA). If there exist CNTs in the film that are not contributing to its overall conductance (as they are not part of a network or chain which forms a path between the AFM tip and the earth), then they will appear on the topographical maps but not on the current maps. Similarly, if the overall interconnectivity of the CNT network is poor then certain areas of an image are likely to have a different resistance to others, based on a longer path to earth. Tunnelling current images (figures 8(a) and (b)) show that this is not the case, with excellent correspondence between the two images and uniform resistance across a region. It is not yet clear, from the data available, whether the most important factor in electron transport is the presence of a percolating network or whether charge is carried by chains of long tubes (such as those which run from top to bottom of the area shown in figure 8 ) acting in parallel. Further experiments in this area are planned.
It should also be noted that the films are electrically anisotropic. In the low-resistance (machine alignment) direction, film sheet resistances had an average value of 293 sq −1 at 80% transparency, whereas the resistance in the transverse direction was both higher and more variable, with an average value of 2.33 k sq −1 -roughly an order of magnitude greater (although the extreme range of the values seen was from 1.05 to 4.56 k sq −1 ). This degree of anisotropy is unsurprising considering that the film is composed of an aligned matrix of CNTs and for perfect alignment the transverse resistance would be expected to tend towards infinity, which would also account for the great sensitivity of this value to local variations in the degree of alignment.
Conclusions
Transparent, conductive CNT films have been synthesized from raw materials in a continuous, single step gas-phase process. Such a route has theoretical advantages of speed and greater control over CNT morphology and density than previously developed two-step routes. In addition, the problem of achieving stable CNT suspensions is avoided.
The films are mechanically robust once cast onto a polymer substrate and flexing or bending does not impair their electrical conductivity.
These films are currently competitive with ITO and results achieved through two-stage processes, but it must be remembered that the conductance reported here represents an initial result. Subsequent optimization of the process, whether on-line or through post-processing treatments, which may involve purification from extraneous particulate carbon and catalyst residues, offers substantially improved performance. Other transparent films have shown strong improvements in conductivity after acid treatments, a factor variously attributed to removal of impurities [6] (in this case a surfactant used in a two-stage process) or doping of semiconducting tubes [7] . Since similar treatments are frequently used to remove impurities from as-grown CNT mats, there is good reason to be optimistic about their efficacy here. There is a distinct possibility that this route to manufacturing transparent conductive films will provide a competitive option for future developments in this area.
